Abstract. We present a microfluidic platform for the continuous separation of suspended particles based on their size and settling velocity. The separation method takes advantage of the flow field in the vicinity and inside a parallel array of slanted open cavities. These cavities induce flow along them, which deflects the suspended particles to a different degree depending on the extent to which they penetrate into the cavities. The cumulative deflection in the periodic array ultimately leads to vector chromatography, with the different species in the sample moving in different directions. We demonstrate density and size based separation over a range of flow rates by separating polystyrene and silica particles and show that purities nearing 100% can be achieved for multicomponent mixtures. We also demonstrate the potential of the platform to separate biological cells by fractionating different blood components. We discuss the presence of two regimes, which can be distinguished depending on the ratio between the settling velocity and the velocity of the particles across the open cavities. The proposed platform could also integrate additional separative force fields in the direction normal to the plane of the cavities to fractionate specific mixtures based on the distinguishing properties of the component species.
Introduction
Micro-and nano-fluidic separation stages are crucial components of Micro Total Analysis Systems (µTAS) and other integrated systems in lab-on-a-chip platforms. [1, 2] In fact, many applications are ultimately a separation per se, such as in diagnostic systems where the goal is to detect/isolate a target of interest. In other applications, a separation stage is necessary to enrich a particular species present in a multicomponent sample for downstream processing. Several strategies have been developed to separate particles, biological and otherwise. Depending on the operation mode, these strategies have been broadly classified as batch or continuous methods and, depending on the use of external fields to drive separation, they are considered passive or active techniques. Continuous methods, are generally less labor intensive and provide higher throughputs. [3, 4, 5, 6] Passive methods, including pinch flow fractionation, [7] hydrodynamic filtration, [8] inertial focusing, [9, 10, 11, 12 ] and deterministic lateral displacement, [13, 14] are easier to operate and more portable than active methods which usually require bulky external components. In one approach to passive separation, geometrical features are fabricated into the device to create flow fields that drive different particles in distinctive trajectories. Separation systems based on ridged surfaces, for example, rely on the recirculation flow that ensues in the main channel, when the ridges are not perpendicular to the channel. In general, big and small particles are carried by oppositely bound streams of the recirculation flow and can be separated. [15, 16, 17, 18, 19, 20] In these systems, the magnitude of the recirculating velocity is enhanced by using devices in which the depth of the grooves is comparable to the dimensions of the channel. [15, 16, 17, 18, 19, 20] . Passive methods, however, are usually less versatile than active ones, which can use specific fields to fractionate a mixture based on the differentiating properties of the different species, e.g., electric charge and impedance (electrophoresis [21] and dielectrophoresis [22, 23] ), refractive index (optical sorting [24, 25] ), compressibility (acoustophoresis [26] ), and magnetic susceptibility (magnetophoresis [27, 28, 29] ). Among both passive and active strategies, continuous two-dimensional techniques, also termed vector separation or vector chromatography (VC), are particularly promising. In VC, the different species in a sample fan out in different directions, and thus separate laterally, allowing their continuous collection with high resolution. [30, 31, 32, 33, 34, 35, 36] Here, we present a microfluidic device that takes advantage of the characteristics of the flow field in the vicinity and inside slanted open cavities patterned at the bottom surface of straight channels. We suppress the recirculation that ensues in confining geometries using devices with dimensions much larger than the dimensions of the ridges and the cavities that they create, and exploit the reorientation of the flow inside the open the cavities to passively and continuously fractionate, via vector chromatography, suspended particles. In this system, separation can occur based on particle size, but also based on the settling velocity of the different particles, which represents an extra degree in versatility with respect to previous separation devices in which VC is based on a single property. Note that the settling velocity of a particle depends on its shape, size, and buoyant density. Furthermore, it is straightforward to use alternative (additional) force fields to play (enhance) the role of gravity in the present device, including electric, dielectrophoretic, and magnetic, which opens the door to a broad range of applications.
We shall show that two regimes can be distinguished depending on the ratio between the settling velocity of the particles and their average velocity in the direction across the cavities. Alternatively, we can consider the ratio between the characteristic time for a particle to settle inside the cavities and their average time to cross them. At low flow rates, when the particles have time to sediment as they are advected by the fluid flow across the cavities, heavier ones settle deeper and are deflected for a longer time than lighter particles. On the other hand, if sedimentation is negligible, particles can be separated based on their size, with smaller particles carried deeper into the cavities by the flow field and therefore deflecting more than larger particles. In the first part of this work, we gain insight into the separation mechanism by numerically solving the particle-free flow. We then present experiments separating beads based on their size and settling velocity. We also demonstrate the potential of this method to separate cells by showing the individual deflection experienced by different blood components.
Materials and methods

2.1.
Device design and fabrication. Fluidic channels were made of PDMS using a standard molding and casting procedure. In short, a mold was made on a silicon wafer using standard photolithography. Two layers of the negative photoresist SU-8 3050 (Microchem) were used to give features 300 microns tall. A PDMS negative replica was then cast using this mold. The patterned surface consists of a microscope glass slide (1'x3"x1mm) that is patterned with a periodic array of protruding rectangular ridges. The ridges were fabricated using standard photolithography and the photoresist SU-8 3025 (Microchem). A sealed microfluidic device is then obtained by irreversibly bonding the PDMS fluidic layer with the patterned glass slide after activating both surfaces with oxygen plasma. Figure 1(a) shows a top-view schematic of the device; sheath flows from the side channels (s) allowed to flow focus particles and cells from the settling reservoir (r) into the main channel (m) and towards the patterned region (p) (also shown in perspective view in Fig. 1(b) ). Experiments were performed with two different devices with the same dimensions for the fluidic layer and patterned region but with ridges of different height and width (see Fig. 1(c) for a schematic of the ridges) The dimensions of the small (large) ridges are h = 10 µm and w = 50 µm (h = 24 µm, w = 100 µm). Corp., Fremont, CA) were used in the experiments (the specified dimension corresponds to the nominal diameter of the spherical particles). The density of SiO 2 particles is ρ = 1.96 g/mL, and that of PS particles is ρ = 1.06 g/mL. Dispersions were prepared in deionized (DI) water with a concentration of approximately 10 6 mL −1 for each particle used in a given experiment. Blood samples were collected by venipuncture into 5 mL ACD (anticoagulant citrate dextrose) vacutainer tubes (BD Franklin Lakes, NJ). White blood cells (WBCs) were concentrated as follows. The two vacutainer tubes were centrifuged at 1000 rpm for 5 mins immediately after blood collection. The upper layer and buffy coat from each vacutainer tube was transferred to different centrifuge tubes (1 tube per vacutainer) and 1% (w/w) bovine serum albumin (BSA) in phosphate buffer saline (DPBS, Gibco, life technologies) was added to a volume of 3 mL. The two vacutainer tubes were centrifuged once more at 1000 rpm for 5 mins. The upper layer and buffy coat from each vacutainer tube were again transferred to the same centrifuge tubes used before. 1% BSA in DPBS was added to each of the centrifuge tubes to a volume of 5 mL before centrifugation at 1000 rpm for 5 mins. After removing the supernatant, the pellets were resuspended in 0.5% BSA in DBPS to a total volume of 1 mL. 10 µL of whole blood were added to the concentrated WBCs suspension.
2.3.
Device pretreatment, sample injection, microscopy and data collection. The fluids (DI water and 0.5% BSA in DPBS for the particles and blood experiments, respectively) were pumped through the device using a pressure-driven flow system. Each inlet was pressurized using a 0-5 psi regulator and was equipped with a switching valve (IDEX health & science) that was used to route fluid to the device, either from the pressurized containers or from a syringe. The syringes were used to prime and clean the device between experiments. The device was first flushed by manually injecting 5 mL of 5% Alconox detergent in DI water through each of the three inlets. If necessary, the device was sonicated while being flushed to remove adhered material. For the particle experiments, the device was simply flushed with the same volume of DI water in the same way as when flushing with the Alconox solution. For the blood experiments, the device was similarly flushed with water, then with DPBS, and finally with 2.5 % BSA in DPBS. The device was then left blocking overnight at 4 o C. Prior to the injection of a blood sample, the device was flushed with 0.5 % BSA. After priming and pretreatment, the device was mounted on an upright transmitted light microscope for the particle experiments and on an inverted phase contrast microscope for the blood experiments.
The samples were manually injected into the settling reservoir immediately after preparation. The particles and the blood cells were allowed to sediment to the bottom surface of the device before flowing them towards the patterned region. In the case of blood, cells were flow focused after no more red blood cells (RBCs) and WBCs were observed to arrive at the bottom surface of the settling reservoir (platelets were still distributed over the height of the device). WBCs, RBCs, and platelets could be readily distinguished under the phase contrast microscope without the need of fluorescence dyes. Platelets are clearly smaller than the rest of the blood cells. WBCs appear round and do not change shape or brightness considerably as they flow. In contrast, stationary RBCs appear dark in the center and bright in the surrounding area. Moreover, RBCs exhibit different modes of motion and "blink" as they flow at moderate speeds. At high velocities, however, RBCs align with the flow and appear as bright ellipsoids of constant intensity (see ESI Movies 1 and 2 for representative videos of flowing RBCs, WBCs, and platelets). Videos of the particles and cells were captured in the middle of the cross-section of the device in the plain region as they approached the patterned area and about 1 mm into the patterned area to measure the approach velocity and the deflection angle. We define the deflection angle ∆θ as the difference between the approach angle and the migration angle of the particles or cells on the patterned region (see ESI for details).
Separation principle
Insight into the motion of finite size particles can be gained by studying first the particle-free flow in the system, even though the exact trajectories of the particles cannot be predicted without considering hydrodynamic interactions and the effect of short-range particle-wall repulsive forces. [37, 38, 39, 40, 41] For simplicity, we consider an infinite system without lateral confinement, i.e., no lateral walls in the main channel and therefore no recirculation above the ridges. In the Stokes regime, we can decompose the flow field resulting from any orientation of the driving force into two independent components, corresponding to the 2-D flows along and perpendicular to the ridges/cavities. The flow along the cavities (x direction) is unidirectional and the transverse flow (y direction) corresponds to the well-studied flow over a rectangular cavity. [42, 43, 44, 45, 46] The combined 3-D flow then penetrates into the cavities to a different extent depending on their aspect ratio and also exhibits recirculation regions close to the bottom corners of the cavities. [47] In order to obtain the local orientation of the velocity close to the patterned surface we computed the 3-D Stokes flow field numerically for the case of a driving force oriented at 45
• (see ESI for details). We characterize the local direction of the flow by the angle α that the fluid velocity projected on the x-y plane makes with respect to the y direction, i.e., α = 90
• corresponds to flow along the cavity. Figure 2a shows α as a function of height at different cross-sections parallel to the ridges (planes of constant y). The inset in Fig. 2a shows the direction of the velocity field in the vicinity of the patterned surface in a cross section perpendicular to the ridges. The location of the cross-sections corresponding to the different curves plotted in the Fig. 2a are indicated in the inset with lines of the same style; y = 0 and 100 µm correspond to symmetry planes at the center of the ridge and cavity, respectively. Figure 2a shows that the flow field is nearly parallel to the driving direction (α ≈ 45
• ), everywhere except for the flow near or inside the shallow cavities created by the ridges. In fact, the cavities guide the flow along them, with α ≈ 90
• near their center; values of α > 90
• indicate recirculation regions. The streamlines, projected into a cross-section perpendicular to the ridges, are shown in Fig. 2b . The fluid penetrates completely into the cavities and creates corotating recirculating regions near each corner. To consider the effect that the reorientation of the flow might have on different particles, the background in Fig. 2b is a contour plot for the velocity angle α. It is clear that the deeper into the cavity a particle goes, the more it would be deflected by the flow along the ridges. The extent to which a particle enters the cavities depends, in general, on its settling velocity and size, and two distinct regimes can be distinguished. In one case, if the particles are traversing the cavities much faster than their settling velocity, they can be separated based on their size, with smaller particles typically entering deeper into the cavities and, as a result, exhibiting larger deflections. On the other hand, if the particle velocity across the cavities is comparable to the settling velocity, particles of the same size can be separated by mass, with heavier particles showing a larger deflection along the cavities. In this latter case, particles could remain constrained to flow along the cavities, if the flow that drags them out of the cavity on the reentrant corner is not sufficient to overcome their buoyant weight.
Results and discussion
4.1. Separation of spherical particles. First, we shall discuss the behavior of spherical particles of different size and density. Figure 3 shows the deflection angles obtained in the device with large ridges • ) in the region above the ridges but deviates strongly inside the cavities, which guide flow along them (α ≈ 90
• )
oriented at 45
• with respect to the direction of the main channel (see Fig. 1 ). As mentioned in section 2.3, the particles are allowed to sediment to the bottom of the settling reservoir (r in Fig. 1(a) ) before being flow focused towards the array of open cavities. The velocity of the 4.32 µm silica particles in the flat region of the device (before the slanted ridges) was used to characterize the flow velocity (see ESI for details).
First of all, we observe that SiO 2 particles (both 4.32 and 20 µm particles) are confined to move along the cavities (∆θ = 45
• ), for all . PS particles can easily traverse the cavities and deflect to a less extent as their size increases for a given geometry of the ridges. the flow velocities considered here. In contrast, PS particles can easily move over the ridges and exhibit substantially smaller deflection angles compared to the SiO 2 particles (see ESI Movies 4 and 5). We note that, even at the largest flow rates, a few of the 10.11 µm PS particles become initially confined inside the cavities as they flow into the patterned region of the surface. This occurs for particles that circumvent, instead of going over, the ridges to go into the cavities, and could be avoided by flow focusing the particles more tightly to better control the entrance region. These particles remain confined during their motion through the observation window in the experiments and were not considered in the measurement of the deflection angle (see ESI Movie 4). Interestingly, the deflection angles for the different PS particles are nearly constant as a function of the flow velocity. This indicates that particle sedimentation into the open cavities is not important for the range of velocities considered here. More important, the deflection angles are clearly different for PS particles of different size, thus enabling their separation. Specifically, the average deflection of the PS particles decreases as the particle size increases, which suggests that their deflection is determined by the extent to which they are carried into the cavity by the flow, with smaller particles reaching deeper into the cavities. To demonstrate that the deflection of the particles originates in the flow along the cavities, in Fig. 4 we present the trajectories followed by different PS particles. It is clear that PS particles move in the direction of the main flow when they are on top of the ridges but are deflected as they traverse the cavities, which is consistent with the general features observed in the particle free flow field (see Fig. 2 and ESI).
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Main channel axis Figure 5 . Trajectories of the 4.32 µm silica particles confined to flow along the cavities in the device with large ridges. Particles moving in the vicinity of the downstream (or reentrant) corner attain an equilibrium position of a few microns away from ridge, while those moving along the upstream (or entrant) corner move in close proximity to the wall. This behavior is consistent with the presence and characteristic size of the corotating recirculating regions observed in the particle-free flow (see Fig. 2a ). A few of the 10 µm PS particles were also caught in the upstream recirculating region as they first entered the cavities (see ESI).
In these experiments, we observed that the small silica particles moving along the open cavities, and close to the bottom wall, also migrate laterally to equilibrium positions on either corner of the cavities, as shown in Fig. 5 (see ESI) . Specifically, those particles moving in the vicinity of the downstream or reentrant corner attain an equilibrium position of a few microns away from ridge. On the other hand, the particles that are moving along the upstream (or entrant) corner move in close proximity to the edge of the ridge. These observation are consistent with the presence and characteristic size of the corotating recirculating regions that ensue in both corners of the cavities in the particle-free flow (see Fig. 2a) . The large differences in deflection angles shown in Figure 3 indicate that very high purity separation is possible. We demonstrate the potential of this platform to fractionate a multicomponent sample with high purity of each individual component by separating a mixture of 4.32 SiO 2 particles, 10.11 µm PS particles, and 20.9 µm PS particles. The measure purity is larger than 99% for the SiO 2 particles, 100% for the 10.11 µm, and 94% for the 20.9 µm PS particles(see ESI Movie 5 for details). (¹m) f (¹m) Figure 6 . Deflection angle of silica (SiO 2 ) and polystyrene (PS) spherical particles of different size in the device with small ridges (h = 24 µm, w = 100 µm) as a function of the approach velocity of the 4.32 µm SiO 2 particles in the plain region of the substrate before reaching the patterned area. Figure 6 presents the deflection angles measured in the device with small ridges. The main difference with respect to the results discussed before is the fact that both sizes of SiO 2 particles are eventually able to move across the ridges as the flow rate increases. More important for separation purposes, there is a range of velocities for which the larger SiO 2 particles move across the ridges (with ∆θ 10 • ) but the smaller SiO 2 particles remain confined and move along the cavities (∆θ = 45
• ). This is probably due to the larger drag force that the fluid exerts on the larger particles. Similarly to the case of the 10.11 µm PS particles in the device with large ridges, a few of the small silica particles can become trapped in the recirculating region at the corners of the cavities even at largest flow rate, and are thus not considered in the analysis. The PS particles exhibit analogous behavior to that observed in the experiments performed in the device with large ridges. It is clear that for particles with the same density, smaller particles deflect more and, for particles of the same size, heavier ones deflect more. The diminishing effect of sedimentation on the deflection angle as the flow rate increases, together with the increased effect of particle size at larger flow rates, are manifested by the cross-over that takes place in Fig. 6 for v ∼ 110µm/s between the deflection of small PS particles (4.31 µm) and large silica ones (20 µm). At lower velocities, the density and sedimentation of the heavier particles dominates and they deflect more than the PS particles, even in the absence of total confinement. On the other hand, at higher velocities, sedimentation into the cavities becomes negligible, and the small PS particles deflect more than the larger silica ones.
4.2. Separation of blood cells. Next we used the device with large ridges to demonstrate the potential of this platform to separate different cell populations present in a blood sample based on cell size and density. RBCs are smaller and heavier, and should therefore deflect more than WBCs. [48, 49] Platelets are the smallest cellular components in blood, with densities in the range spanned by that of WBCs. [50, 49, 51] Figure 7 presents the deflection angle for RBCs and WBCs as a function of flow rate. In this case, we use the average velocity of RBCs in the flat region before they reach the patterned surface to characterize the flow velocity. It is clear that the dependence of the deflection angle of RBCs and WBCs on flow rate is qualitatively similar to the measurements performed with spherical particles, with the behavior of RBCs and WBCs resembling that of the silica and PS particles, respectively. Note, however, that the comparison with particle experiments is not quantitative, as expected based on the substantial difference in density between RBCs and silica particles. RBCs deflect more than WBCs, and exhibit complete confinement inside the cavities at low flow rates. However, unlike the motion of silica particles observed in the present device, RBCs can go over the ridges and move over the patterned surface as the flow rate increases (see ESI Movie 6). Again, this is consistent with our previous results given that RBCs are lighter than silica particles. Two subpopulations of WBCs could be clearly distinguished in the experiments (see Materials and methods). Larger WBCs deflect to a lesser extent than smaller ones. As in the case of the PS particles, the deflection angle of WBCs does not change considerably over the range of velocities considered, which indicates that sedimentation does not significantly affect their motion. As mentioned before (see section 2.3), platelets remain suspended across the height of the channel and we can take advantage of their small size and light buoyant weight to consider them as tracer particles to probe the flow. Their motion is entirely consistent with the characteristics of the particle free flow. Specifically, platelets exhibited a broad range of deflection angles depending on their vertical position, with those moving far from the bottom surface not deflecting at all, and those moving close to the patterned surface showing the largest deflection angles (for simplicity, their deflection angle was not included in Fig. 7 ) . In fact, platelets were collected with 100% purity in the outlet channel aligned with the injection channel, indicating that some of the platelets in the flow focused stream did not deflect at all. These observations also confirm that the effect of the patterned surface on the flow is localized to its vicinity and that the recirculation observed in confined geometries is negligible here.
Conclusions
We presented a microfluidic platform that allows the high-troughput, high-purity fractionation of suspensions based on the size and sedimentation velocity of the different components. Interestingly, the interplay between the sometimes competing effects of size and sedimentation velocity results in a highly versatile separation method. The separation mechanism relies on the flow characteristics in the vicinity of slanted open cavities. The direction of the flow over the ridges creating the cavities does not deviate significantly from the imposed driving field. On the other hand, there is a significant change in flow direction in the vicinity and inside the open cavities, which essentially guide the flow along them. As a result, the deflection exhibited by different particles depends on the extent to which they penetrate into the open cavities. When sedimentation is negligible (light particles and high flow rates) smaller particles are advected by the fluid deeper into the open cavities, and therefore deflect more than bigger particles. We note that, in principle, remarkably high throughputs (with particle velocities of the order of 1 cm/s) could be achieved before inertial effects that might interfere with the underlying separation mechanism become important. [52] In the opposite limit (heavy particles and low flow rates), sedimentation becomes important and heavier particles deflect more. In this regime, however, the maximum flow rate is limited by the settling velocity of the particles, which reduces the overall throughput of the system. Other fields, however, e.g. electric, dielectrophoretic, and magnetic, can be easily integrated with the device to play or enhance the role of gravity, which suggests that this technique could be readily adapted for a broad range of applications. Born out of the above discussion, several applications are envisioned. As an alternative to chemical lysis, this platform could be used as a microfluidic centrifuge because it allows the mild and non-destructive depletion and recovery of RBCs from the rest of the blood components. Furthermore, plasma proteins, bacterium, platelets, different subpopulations of WBCs, and other rare blood cells would migrate at different angles and can be continuously fractionated. More generally, this platform could be a non-clogging and contamination-free alternative for laboratories that frequently use filtration to separate cells of different size (from digested tissue, for example). Droplets of different size and density can also be separated, and this platform might also benefit droplet microfluidic applications. [53] The separation of cells, proteins, RNA and DNA, for example, can also be performed using centrifugal, electric and dielectrophoretic forces perpendicular to the patterned substrate to tune their settling velocity into the cavities and thus their deflection angle. In particular, patterning interdigitated electrodes between the ridges would be a simple way to integrate dielectrophoretic forces into the device. Target cells and biomolecules can be tagged with particles via specific marker-antibody interactions, and the properties of the tagging particles can be tailored to tune the settling velocity of the tagged species. Differences in settling velocity can also be used to control the time of arrival of different species to an array of open cavities. In this case, particles of the same or different size but with different settling velocity would eventually separate laterally after reaching the patterned surface at different times, even if sedimentation does not play a role in their migration angle. In summary, this is a promising microfluidic separation platform that could benefit a wide range of applications.
6. Acknowledgements
